Abstract Aims/hypothesis: To assess the involvement of the AGE-specific receptor (AGER, also known as RAGE) axis and nuclear factor kappa-B (NFKB, also known as NF-kappaB) activation in the development of lacrimal gland and tear film dysfunction in diabetes, the present study evaluated: (1) lacrimal gland and tear film alterations in diabetic rats; and (2) the expression of AGE, AGER and NFKB in ocular tissues of normoglycaemic and diabetic rats. Materials and Methods: Diabetes was induced in male Wistar rats with intravenous streptozotocin. Tear secretion parameters were measured and NFKB expression was evaluated in lacrimal glands of control and diabetic rats by western blot. Immunohistochemistry with confocal microscopy was used to assess AGE, AGER and NFKB expression in lacrimal glands of both groups. Results: Lacrimal gland weight and tear film volume were lower in diabetic than in control rats (p=0.01 and 0.02, respectively). IL1B and TNF concentrations in tears were higher in diabetic than in control rats (p=0.007 and 0.02, respectively). NFKB protein was identified in rat cornea, conjunctiva and lacrimal glands. AGE, AGER and NFKB expression were greater in lacrimal glands of diabetic than in those of control rats. Conclusions/interpretation: Diabetes induces significant alterations in rat lacrimal gland structure and secretion. The higher expression of AGE, AGER and NFKB in lacrimal glands of diabetic rats suggests that these factors are involved in signalling and in subsequent inflammatory alterations related to dry eye in diabetes mellitus.
Introduction
Diabetes is associated with lacrimal gland and ocular surface dysfunctions related to dry eye syndrome [1] [2] [3] [4] . Previous studies have suggested that chronic hyperglycaemia, corneal nerve alterations and disturbance in insulin action may play an important role in the development of such alterations, but the exact mechanisms that underlie these changes are not completely understood [5] [6] [7] [8] . In accordance with the insulin action hypothesis, we have previously demonstrated that insulin receptor activation and other steps of insulin signalling pathways are impaired in lacrimal glands in animals with diabetes mellitus [9] .
One of the major consequences of the hyperglycaemia and oxidative stress observed in diabetes is the formation of AGE as a result of the chemical reaction of carbohydrates with proteins. AGE binding to the AGE receptor (AGER, also known as RAGE), leads, among other events, to activation of the transcription factor nuclear factor kappa-B (NFKB1, also known as NF-kappaB), which has been proposed as a critical bridge between oxidant stress and gene expression [10] .
NFKB1 is a heterodimer consisting of the subunits p50 and p65 complexed with the inhibitory subunit IkB. Its stimulation mechanism involves the degradation of the inhibitory subunit, IkB, freeing NFKB1 to translocate to the nucleus, where it regulates the expression of a large number of genes associated with cellular response to stress, such as tumour necrosis factor (TNF, also known as TNF-alpha), interleukin-1 beta (IL1B) and AGER [10] . Therefore, upon rapid accumulation of AGE in diabetic tissues, the upregulation and activation of AGER magnifies cellular perturbation in tissues affected by hyperglycaemia, leading to chronic complications in these tissues [10] [11] [12] [13] .
IL1B and TNF are known to influence the function of lacrimal gland tissues [14] . In addition, Il1b and Tnf mRNA are increased in lacrimal gland and salivary glands of animal models with exocrine gland inflammatory dysfunction and on the ocular surface of patients with dry eye syndrome [15, 16] . AGE-related mechanisms have been found to play a role in the pathogenesis of ocular diseases such as diabetic vitreous-retinopathy [17] [18] [19] , age-related macular degeneration [20, 21] and cataract [22] [23] [24] . Taken together, these data suggest that the possible mechanisms by which hyperglycaemia and oxidative stress act in diabetes-related lacrimal gland dysfunction may involve the formation of AGE and activation of NFKB1 in the lacrimal gland, leading to the expression of pro-inflammatory cytokines such as IL1B and TNF in this tissue.
Streptozotocin has been used for decades to induce diabetes in animal models. However, the lacrimal gland and ocular surface alterations that are related to diabetes have not been completely characterised in this model [9, 25, 26] .
Therefore, the objectives of the present study were: (1) to characterise diabetes-related alterations in lacrimal glands and tears of streptozotocin-induced diabetic rats; (2) to determine whether lacrimal gland and ocular surface tissues express NFKB1, AGE and AGER; and (3) to evaluate the influence of diabetes on the expression of AGE, AGER and NFKB1 in the lacrimal gland.
Materials and methods

Animal model
Eight-week-old male Wistar rats (Rattus norvegicus) were obtained from the State University of Campinas Animal Breeding Centre, Campinas, São Paulo, Brazil. Animals were given free access to standard rodent chow and water. Food was withdrawn 12 h before the experiments and diabetes was induced with a single dose of streptozotocin (Sigma, St Louis, MO, USA), 60 mg/kg body weight, diluted in 1 ml citrate buffer 0.01 mol/l administered through the caudal vein. Controls were injected with citrate buffer alone. Comparative studies of the two groups were performed 10 weeks after diabetes induction.
All experimental procedures adhered to the "Principles of laboratory animal care" (NIH publication no. 85-23), and were approved by the University's committee on animal experimentation.
Serum glucose determination
Four weeks after treatment, rats were anaesthetised with an intraperitoneal injection of sodium thiopental, 50 mg/kg (Cristália, Itapira, SP, Brazil), and blood samples were collected from streptozotocin-treated and control animals (n=15 per group) by puncture of a caudal vein 10 to 15 min later, as soon as anaesthesia was assured by the loss of foot and corneal reflexes. Samples were analysed by the colorimetric oxidase glucose method (Labtest, Lagoa Santa, MG, Brazil), and absorbance values, determined by spectrophotometry (U-2000 spectrophotometer; Hitachi, Japan), were compared to a known glucose concentration curve.
Determination of tear volume and IL1B and TNF content in the tear film Tear volume was measured in both study groups (n=10 per group) 10 weeks after streptozotocin treatment. Under the same anaesthetic conditions, tears were collected with the use of micropipettes (Eppendorf Research, Hamburg, Germany) from the lacrimal meniscus, while trying to collect the whole tear volume in one take and also to avoid stimuli.
IL1B and TNF were measured in tears (n=5 per group) from diabetic and control rats using an ELISA kit for IL1B and TNF (Pierce Endogen, Rockford, IL, USA), according to manufacturer's instructions.
Assay of peroxidase activity in lacrimal gland
Peroxidase activity in lacrimal gland of diabetic and control rats (n=5 per group) was determined 10 weeks after streptozotocin injection. As previously described, peroxidase is a marker enzyme well suited for the study of protein export in the lacrimal gland system [27] . Lacrimal gland samples were homogenised in Hanks' solution at 4°C and centrifuged at 10,000×g for 8 min. The protein concentration of the supernatant was measured by the biuret dye method (Labtest), to obtain a standard concentration of 100 μg/ml protein in each sample. H 2 O 2 was added at a final concentration of 2.3 mmol/l to each experimental and control sample. Aliquots were collected at 0, 5, 10, 20, 30, 40 and 60 min and peroxidase activity was measured using a colorimetric reaction (Glucose GODPAP; Laborlab, Guarulhos, SP, Brazil) and compared to a standard H 2 O 2 curve. Values were fitted with single exponential decay curves according to the formula:
, where the peroxidase activity of each sample is represented by the k value (decay constant) or the rate of decrease of H 2 O 2 concentration per minute obtained [28] .
Evaluation of the expression of NFKB1 on the ocular surface and in lacrimal gland Western blot studies to evaluate the expression of NFKB1 using rabbit polyclonal anti-NFKB1 subunit p65 (Santa Cruz Biotechnologies, Santa Cruz, CA, USA) were performed on whole-cell lysates from cornea, conjunctiva and lacrimal gland obtained from 8-week-old rats, as well as in nuclear and cytoplasmic extracts of both study groups as previously described [9] . In summary, samples were homogenised and protein quantification was performed as mentioned above after centrifugation. Samples were treated with Laemmli buffer, and equal amounts of protein per sample (ranging from 33 to 300 μg) were subjected to SDS-PAGE (10% Tris-acrylamide) in a Bio-Rad miniature slab gel apparatus (Miniprotean; Bio-Rad Laboratories, Richmond, CA, USA), in parallel with pre-stained protein standards and β-mercaptoethanol (Bio-Rad, Hercules, CA, USA). Proteins were then electro-transferred from the gel to an ECL nitrocellulose membrane (Hybond; Amersham, Buckinghamshire, UK) for 2 h at 120 V in a miniature transfer apparatus (Bio-Rad). After blocking, the membranes were incubated overnight with rabbit polyclonal anti-NFKB1 subunit p65 (Santa Cruz) at a concentration of 0.4 μg/μl in a buffer with 3% BSA, and then washed three times as described above. The blots were then incubated with 125 I-labelled protein A (Amersham) and detected by autoradiography.
Determination of the expression of NFKB1 in nuclear and cytoplasmic extracts of lacrimal gland Nuclear and cytoplasmic extracts were obtained from the exorbital lacrimal gland of diabetic and control rats (n=5 per group) collected under thiopental anaesthesia 5 and 10 weeks after the induction of diabetes, as previously described [29] . In summary, lacrimal gland homogenates were centrifuged at 2,000×g for 10 min at 4°C in a centrifuge (5804R; Eppendorf). The pellet was then resuspended in buffer A, and centrifuged again at the same speed and for the same time. The supernatant corresponded to the cytoplasmic extract. The pellet was then resuspended in a buffer B containing 420 mmol/l NaCl, 10 mmol/l KCl, 20 mmol/l HEPES, pH 7.9, 20% glycerol, 1 mmol/l DTT, 1 mmol/l Na 3 VO 4 (Sigma), and 0.8 mg aprotinin. The resuspended material was then sonicated 10 times in a homogeniser (Potter-Elvehjem; Kimble Kontes, Vineland, NJ, USA) for 30 min, and then centrifuged at 16,000×g for 30 min. The supernatant corresponded to the nuclear extract. Again, protein quantification was performed and equal amounts of protein (150 μg) were used for each sample in the western blot studies with anti-NFKB1 subunit p65 (Santa Cruz).
Images of developed autoradiographs were scanned, and band intensities were quantified by optical densitometry using image analysis software (Scion Image Analysis Software, Scion, Frederick, MD, USA).
Expression and immunochemical localisation of NFKB1, AGE and AGER in the lacrimal gland and cornea of diabetic and control rats
The expression of NFKB1, AGE and AGER was evaluated in lacrimal gland and cornea of diabetic and control rats (n=5 per group) using immunohistochemistry and confocal microscopy. Lacrimal gland and cornea were excised, some of them were embedded in OCT compound (Sakura Fine Tek, Torrance, CA, USA), frozen in liquid nitrogen, and stored at −80°C, while others were fixed in buffered formalin (10%) and immersed in paraffin. Tissue specimens were cut into 6 μm sections at −20°C and transferred to poly-L-lysine precoated glass slides (Perfecta, São Paulo, SP, Brazil). Slides of paraffin sections were submitted to haematoxylin-eosin staining.
The slides used for imunohistochemistry were exposed to acetone for 10 min, washed in PBS (0.1 mol/l sodium phosphate, 0.15 mol/l sodium chloride, pH 7.4) and exposed to 3% BSA (Sigma) solution for 1 h at 22°C to reduce nonspecific protein binding. The sections were incubated overnight with the following primary antibodies: anti-NFKB1 rabbit polyclonal antibody (Santa Cruz Biotechnologies) specific for the p65 subunit, anti-AGE mouse monoclonal antibody 6D12 specific for N ɛ -carboxymethyl-lysine (CML) and N ɛ -carboxyethyl-lysine (CEL) [30] (Research Diagnosis, Flanders, NJ, USA), or anti-AGER rabbit polyclonal antibody (Santa Cruz), at a concentration of 4 μg/μl with 1% BSA in PBS. The sections were then washed in PBS and incubated for 2 h with an anti-rabbit or anti-mouse IgG antibody conjugated with fluorescein isothiocyanate (Jackson Immunoresearch Laboratories, West Grove, PA, USA) at a concentration of 375 μg/μl in a 1% BSA solution. Sections were then washed and counterstained with phalloidin (Sigma) concentrated to 0.1 μg/μl for 45 min in a dark chamber. The slides were covered with Vectashield (Vector Laboratories, Burlingame, CA, USA) and a cover slip. Controls for immunospecificity were included in all experiments by omitting the primary antibody and replacing it with PBS and matching concentrations of normal rabbit or mouse serum. Photographic documentation was performed using a confocal microscope (Axiovert 200 M; Zeiss, Wetzlar, Germany) and the same exposure parameters for diabetic and control samples. Image analysis was done with LSM 510 V 3.2 software (Zeiss).
Statistical analysis
Data are expressed as means±SEM. Comparisons were made using the Mann-Whitney U-test (Statview; Abacus, Berkeley, CA USA). Densitometric values are expressed as a percentage of the mean value obtained for the control group, which was defined as 100% in each experimental assay. The level of significance used was p<0.05.
Results
Characterisation of lacrimal gland changes in streptozotocin-induced diabetic rats
Four weeks after streptozotocin treatment, rats were markedly hyperglycaemic compared to citrate buffer-treated con-trols, with the two groups presenting serum glucose of 31.9± 5.4 and 9.6±1.1 mmol/l, respectively (n=15 per group). Mean body weight was 256.00±8.62 g in diabetic rats and 349.00±7.79 g in controls (n=5 per group) (p=0.01).
In order to characterise the alterations induced by diabetes in lacrimal gland and tears, the studies described below were performed.
Mean lacrimal gland weight was 70±20 mg in diabetic rats and 130±10 mg in controls (n=5 per group) (p=0.01), and the lacrimal gland weight : body weight ratio was 0.26± 0.03 mg/g in diabetic rats and 0.38±0.03 mg/g in controls (p=0.02). Ten weeks after streptozotocin treatment, the tear volume was 0.97±0.62 μl in diabetic rats and 1.64±0.93 μl in control rats (n=10 per group) (p=0.02).
Peroxidase levels were slightly higher in lacrimal gland of diabetic rats, as demonstrated by the peroxidase activity decay determined at the same time-point in samples of both groups. This finding, however, did not achieve significance. The decay of H 2 O 2 over 1 h was 138±46 μmol/l min in diabetic rats and 69±23 μmol/l min in control rats (n=5 per group) (p=0.34).
Determination of IL1B and TNF in tears
The inflammatory aspects of diabetes in tears were evaluated by comparing pro-inflammatory cytokines in both groups. In tears collected 10 weeks after streptozotocin treatment IL1B values were 10.12±1.24 ng/ml in diabetic versus 4.26±0.18 ng/ml in control rats (p=0.007). The values for TNF were: 160.92±35.89 pg/ml in diabetic rats and 57.32±12.68 pg/ml in control rats (p=0.02).
NFKB1 expression in control and diabetic lacrimal gland and ocular surface tissues Western blot analysis was performed to confirm the presence of NFKB1 in lacrimal gland and on the ocular surface, and to compare its expression in lacrimal gland of diabetic versus control rats.
Expression of NFKB1 proteins was detected in the cornea, conjunctiva and lacrimal gland of 8-week-old control rats (Fig. 1) . The comparative expression of NFKB1 in nuclear and cytoplasmic extracts of lacrimal gland control and diabetic rats 5 weeks after streptozotocin injection was similar (p=0.99 for both extracts; data not shown). Ten weeks after streptozotocin injection, NFKB1 protein was expressed in higher levels in nucleus and cytoplasmic extracts of diabetic animals than in those from control animals (n=3 per group) (p=0.02 and p=0.02, respectively). These results were confirmed in three independent experiments (Fig. 2a,b) .
Histological evaluation and immunochemical localisation of NFKB, AGE and AGER in lacrimal gland
Histological comparison between diabetic and control lacrimal gland revealed a similar distribution of epithelial and connective tissue, as well as similar acini size and dis- Immunohistochemistry studies demonstrated cytoplasmic and nuclear NFKB1 expression in acinar cells of lacrimal gland, with higher levels of expression in nuclear and cytoplasmic extracts from diabetic animals than in those from controls (Fig. 3a,b) . In addition, AGE expression was observed in samples of rat lacrimal gland tissue, with more intense staining in the basal membrane and connective tissue of diabetic rats (Fig. 3c,d) . AGER protein was also identified in lacrimal gland, predominantly in ductal cells, and was more intensely expressed in diabetic than in control rats (Fig. 3e,f) . AGER expression was also detected in corneal epithelial cells, mainly located in the cell mem- Fig. 3 Representative immunohistochemical confocal microphotographs of lacrimal glands from control and diabetic rats. Green staining: (a, b) NFKB1 p65 in control rats and diabetic rats respectively; (c, d) AGE antibody 6D12 specific for N ɛ -carboxymethyl lysine (CML) and N ɛ -carboxyethyl-lysine (CEL) in control and diabetic rats respectively; (e, f) AGER in control and diabetic rats. Red: slides were counterstained with phalloidin, indicating the localisation of actin in the acinar or ductal cell membrane. Micrographs are representative of two independent experiments with five animals per group. Exposure parameters were constant throughout the experiments. Bar: 20 μm Fig. 4 Representative immunohistochemical confocal microphotographs demonstrating AGER staining (green) in the cornea of control (a) and diabetic (b) rats. Slides were counterstained with phalloidin (red) indicating the localisation of actin in the epithelial membrane. Selected micrographs are representative of two independent experiments with five animals per group. Exposure parameters were constant throughout the experiments brane and cytoplasm; it was more intensely expressed in diabetic than in control rats (Fig. 4a,b) .
Discussion
Ocular surface complications associated with diabetes include dry eye symptoms [1] [2] [3] [4] [5] . However, the cascade of events that lead to alterations of tear film and lacrimal gland function in diabetes is not completely understood. Various recent reports have described increased AGE accumulation, AGER expression and NFKB1 activation in the organs of diabetic animals, and have postulated the pathophysiological relevance of these cellular events in diabetic complications such as diabetic retinopathy [10, 13] . Here we studied whether the AGE-AGER axis contributes to lacrimal gland and tear film disease in a streptozotocin-induced diabetes animal model.
Using this model, we first demonstrated alterations that indicated the presence of lacrimal gland and ocular film dysfunction in diabetic rats, such as a significantly lower tear volume and a significantly lower lacrimal gland weight: body weight ratio in diabetic rats compared to controls. These changes are analogous to those described in similar animal models, and in humans suffering from dry eye syndrome [1-3, 16, 31] .
Peroxidase activity was slightly higher in diabetic lacrimal gland. This finding was surprising and different from that observed in ageing models [32] . However, two different recent works observed that streptozotocin-induced diabetes [33] and androgen or thyroid hormone suppression [34] in fact lead to higher peroxidase activity in lacrimal glands than that seen in controls with intact hormone function.
Next, we demonstrated that NFKB1 p65 is expressed in lacrimal gland and ocular tissues of control rats and, more importantly, that this expression is significantly increased in nuclear and cytoplasmic lacrimal gland extracts from diabetic animals compared to controls. These results were confirmed in western blot and immunohistochemistry studies and were in accordance with our initial hypothesis of an involvement of NFKB1 in the lacrimal gland dysfunction observed in diabetes.
To further explore this hypothesis, we then studied the expression of AGE and AGER, two mediators of the cellular events that lead to the activation of NFKB1, in lacrimal gland of diabetic and control rats. In fact, AGE and AGER expression were increased in lacrimal glands of diabetic compared to control rats, which suggests a relationship between the AGE-AGER axis, which involves the expression of NFKB1, and the lacrimal gland dysfunction observed in diabetic animals. As recently reported, the antibody used (6D12) in the present study recognises two antigenic structures of AGE: CML and CEL, both previously identified in ageing and diabetes-related diseases [30] .
We observed an increase in NFKB1 not only in the nucleus, but also in the cytoplasm of lacrimal gland. As previously demonstrated, the higher levels in the cytoplasm, within the context of sustained activation of NFKB1 as seen in diabetes, imply a higher de novo synthesis of this transcription factor [11] . Furthermore, the occurrence of new NFKB1 synthesis and its higher presence in the nucleus without the inhibitory subunit IkB suggest that AGE/ AGER interaction leads to NFKB1 activation, sustained oxidative stress and pro-inflammatory cytokine transcription, thus mediating tissue damage and impaired lacrimal gland function, as previously attributed to IL1B in autoimmune xerophthalmia [14] .
It is also possible that S100/calgranulin, a pro-inflammatory ligand of AGER that is involved in pathological findings in other tissues of diabetes mellitus, plays a role in lacrimal gland alterations, but further investigation is needed on this. [35] .
The marked staining for AGER in ductal epithelial cells, which was greater than in other lacrimal gland cells, was surprising and is not clearly understood. Moreover, despite its previous description in a range of other cells [23] , it was not possible in the present work, using standard techniques like western blot, to achieve the same comparative intensity in control and diabetic lacrimal gland as was achieved in that study.
Taken together, the alterations in lacrimal gland and tear film observed by us in an animal model of diabetes allow us to postulate that the pathogenesis of ocular surface dysfunction, and specifically of the dry eye syndrome observed in diabetes mellitus, may be associated in part with the accumulation of AGE and activation of NFKB1 induced by chronic hyperglycaemia, an association that has been previously demonstrated in other ocular tissues [17] [18] [19] 31] .
Due to the in vivo model adopted and the magnitude of the molecular differences observed, it is difficult to predict the weight of these events comparative to other changes observed in chronic diabetes, such as osmotic fluid changes and vascular and neurotrophic input reduction in the mechanism of lacrimal gland dysfunction in diabetes.
Previous studies with animal models have indicated a protective effect of pyridoxamine or aminoguanidine, two anti-AGE agents, against renal disease [36] and retinopathy [37] in the context of chronic hyperglycaemia and AGE accumulation. In addition, a clinical study indicated that antioxidant therapy can improve some parameters on the ocular surface of diabetic patients [38] . However, it remains to be clarified whether symptoms associated with the lacrimal gland and/or tear film dysfunction observed in diabetic patients could be improved or reversed by anti-AGE strategies. Future studies addressing these issues could lead to specific therapies for tear film and ocular surface alterations in diabetes.
